The discomfort caused by lateral oscillation, roll oscillation, and fully roll-compensated lateral oscillation has been investigated at frequencies between 0.25 and 1.0 Hz when sitting on a rigid seat and when sitting on a compliant cushion, both without a backrest. Judgements of vibration discomfort and the transmission of lateral and roll oscillation through the seat cushion were obtained with 20 subjects. Relative to the rigid seat, the cushion increased lateral acceleration and roll oscillation at the lower frequencies and also increased discomfort during lateral oscillation (at frequencies less than 0.63 Hz), roll oscillation (at frequencies less than 0.4 Hz), and fully roll-compensated lateral oscillation (at frequencies between 0.315 and 0.5 Hz). The root-sums-of-squares of the frequency-weighted lateral and roll acceleration at the seat surface predicted the greater vibration discomfort when sitting on the cushion. The frequency-dependence of the predicted discomfort may be improved by adjusting the frequency weighting for roll acceleration at frequencies between 0.25 and 1.0 Hz.
Introduction
The sensitivity of the human body to different frequencies and directions of vibration, as determined in laboratory experimental research, has been used to define standardised frequency weightings and axis multiplying factors for predicting the discomfort caused by the multi-axis and multi-input vibration of people seated in various forms of transport (e.g., BS 6841, 1987; ISO 2631 ISO -1, 1997 Griffin, 2007) .
The standards suggest how vibration discomfort can be predicted from the acceleration measured at the seat-body interfaces (i.e., between the buttocks and the seat pan, between the back and a backrest, and between the feet and a footrest) for frequencies of vibration in the range 0.5 to 80 Hz.
Discomfort can also be caused by lateral and roll oscillations at frequencies lower than 0.5 Hz. Such motions occur in many forms of transport including road vehicles (Griffin and Newman, 2004) , trains (Donohew and Griffin, 2007) , and sea vessels (Lawther and Griffin, 1988) . The paucity of facilities to simulate such motions has impeded systematic research into how the discomfort caused by low frequency motions depends on the characteristics of the motion (e.g., the frequency of motion, the direction of motion, and combined lateral and roll motion). The absence of research has inhibited the development of standardised methods of quantifying low frequency motions in transport and predicting the discomfort caused by such motions. The scarcity of simulation facilities has also impeded research into how the discomfort caused by low frequency motions depends on the characteristics of seating.
The optimisation of the design of a seat should include consideration of many factors, including the shape, the width, and the height of the seat pan and the backrest, and the seat cushioning, all of and increase dynamic discomfort. Understanding the trade-offs between the discomfort associated with static and dynamic seat characteristics is therefore necessary to optimise the overall discomfort of seated passengers (Ebe and Griffin, 2000) , but there has been little systematic investigation with non-vertical vibration.
The experiment reported here was designed to understand any differences in vibration discomfort between sitting on a rigid seat and sitting on a foam cushion when exposed to lateral oscillation, roll oscillation, and fully roll-compensated lateral oscillation at frequencies between 0.25 and 1.0 Hz. It was hypothesised that reduced stability when sitting on the cushion would increase vibration discomfort. If vibration discomfort can be predicted from the acceleration at the interface between the body and the seat, differences in vibration discomfort between the rigid seat and the cushioned seat should be explained by the transmission of vibration through the cushion.
Method

Apparatus
Motions were produced by a six-axis motion simulator in the Human Factors Research Unit of the Institute of Sound and Vibration Research at the University of Southampton. The simulator is capable of ±0.5 m vertical motion, ±0.25 m horizontal motion, and ±20° of rotational motion. Subjects sat on a seat positioned so that the centre of the seat surface was at the centre of the motion platform (approximately 2.5 m by 3.0 m) and at the centre-of-rotation.
The seat was rigid and consisted of a flat horizontal seat pan (510 mm by 400 mm) located 480 mm Whitham and Griffin, 1977 ) with a translational piezo-resistive accelerometer (Endevco 2265) and a rotational gyro (BAE Systems 299641-0100 Single-Axis VSG Bipolar).
Design
The study investigated the vibration discomfort of seated subjects using a repeated measures (i.e., within-subjects) design. Subjects were exposed to a series of motion stimuli while seated in one of two seating conditions (the rigid seat or the foam cushioned seat) in each of two experimental sessions (conducted on separate days). Each session consisted of four parts.
In part 1 ('equivalent comfort contours') subjects used the method of magnitude estimation to rate the discomfort produced by lateral, roll, and fully roll-compensated lateral motion at seven frequencies of oscillation from 0.25 to 1.0 Hz (at magnitudes between 0.08 and 0.4 ms -2 r.m.s.), on either the rigid seat or the foam cushion. Subjects rated their discomfort caused by each of the motions by assigning appropriate numerical values. They were told their ratings must be proportional to the discomfort experienced as a result of each stimulus. For example, if they felt one motion caused twice as much discomfort as another, then their ratings should reflect this (e.g., the two motions may be rated using values of 100 and 200).
In part 2 (body map) subjects used a labelled diagram of the body (Figure 2 ) to indicate where they felt discomfort during exposure to lateral oscillation, roll oscillation, and fully roll-compensated lateral oscillation at a single magnitude (0.2 ms -2 r.m.s.) of each frequency. Subjects were free to choose as many locations as they felt appropriate.
In part 3 (relative discomfort) subjects used magnitude estimation to rate the discomfort caused by 0.5-Hz lateral oscillations between 0.08 and 0.4 ms -2 r.m.s. when sitting on both the rigid seat and the foam cushion. In part 4 (objective test) subjects were exposed to three magnitudes of lateral oscillation, roll oscillation, and fully roll-compensated lateral oscillation at the seven frequencies from 0.25 to 1.0 Hz whilst sitting on the foam cushion with the SIT-BAR.
The order of presentation of motion stimuli within each part of the experiment was fully randomised for each subject. The order of the two seating conditions was alternated for each subject such that half the subjects sat on the rigid seat (the control condition) first and half sat on the foam cushion (the experimental condition) first.
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Motion stimuli
The motion stimuli consisted of seven frequencies at the preferred one-third octave centre frequencies from 0.25 to 1.0 Hz. Each frequency was presented at, nominally, eight magnitudes in logarithmic series from 0.08 to 0.40 ms Published as: Discomfort of seated persons exposed to low frequency lateral and roll oscillation: effect of seat cushion Beard, G. F. & Griffin, M. J. Nov 2014 In : Applied Ergonomics. 45, 6, p. 1547 -1557 For roll oscillations, the magnitudes were defined by the acceleration in the plane of the seat (i.e., the acceleration due to tilt through the gravitational vector r.m.s.) at 1.0 Hz. Figure 3 shows the acceleration waveform in the plane of the seat for lateral oscillation, roll oscillation, and roll-compensated lateral oscillation at 0.5 Hz. All motion stimuli were transient waveforms with a 3.5 cycle duration (as shown in Figure 3 ) generated from the product of a sine wave of the desired frequency and a half-sine of the same duration. The motions were generated within MATLAB (version R2010a research) using the HVLab toolbox (version 1.0).
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Subjects
Twenty healthy male volunteers aged between 18 and 32 years participated in the experiment (median age 26.0 years, inter-quartile range, IQR, 5.8 years; median weight 79.0 kg, IQR 17.6 kg; median stature 1.79 m, IQR 0.10 m). Subjects were recruited from the staff and student population of the University of Southampton.
subjective magnitudes, Ψ, of 50, 63, 80, 100, 125, 160, and 200 were calculated for each subject and direction using Equation 1.
The data from part 2 (body map) were used to assess the effect of seating and the frequency of lateral oscillation, roll oscillation and fully roll-compensated lateral oscillation on the location of discomfort.
The data from part 3 (relative discomfort) were used to calculate a 'seat-pan factor' to adjust the equivalent comfort contours for the foam cushion (obtained in part 1) so that discomfort relative to the rigid seat could be examined. The seat-pan factor was calculated using Equation 3:
Eq. 3: S e a t -p a n f a c t o r = ( φRelative) / (φFoam) where φFoam is the acceleration magnitude of a 0.5-Hz lateral test motion on the foam cushion in part 1 (equivalent comfort contours) that was given a subjective magnitude of 100, and φRelative is the acceleration magnitude of a 0.5-Hz lateral test motion on the foam cushion in part 3 (relative discomfort) that was given a subjective magnitude of 100. The acceleration magnitudes used to define φFoam and φRelative were median values calculated from the 20 subjects. Relative equivalent comfort contours for the rigid seat and the foam cushion were generated by applying the seat-pan factors to the median equivalent comfort contours for the foam cushion calculated from part 1.
Individual equivalent comfort contours from part 1 were also adjusted using the same seat-pan factors in order to allow for statistical comparisons across seating conditions.
The Friedman test was used to investigate the overall effect of frequency, direction, and seat pan stiffness on the rates of growth of discomfort and the equivalent comfort contours. The Wilcoxon matched-pairs signed ranks test was used to examine specific differences in rates of growth of discomfort and equivalent comfort contours between seating conditions, frequencies, and directions.
The McNemar dichotomous test was used to test for significant trends in the body map data. Median rates of growth of discomfort and median equivalent comfort contours were used to identify overall trends in the data. The Bonferroni correction was used where there were multiple comparisons.
Objective measurements
The 'lateral transmissibility' (Ty) of the foam was calculated with three magnitudes of lateral oscillation, roll oscillation, and fully roll-compensated lateral oscillation at each of the seven preferred one-third octave centre frequencies from 0.25 to 1.0 Hz. The transmissibility was calculated by dividing the lateral acceleration at the seat-body interface of the foam cushion (ay-foam) by the acceleration on the rigid seat surface (ay-rigid):
Eq. 4:
If there was roll motion on either the foam cushion or on the rigid seat, the lateral acceleration included the influence of gravity.
Published as: Discomfort of seated persons exposed to low frequency lateral and roll oscillation: effect of seat cushion Beard, G. F. & Griffin, M. J. Nov 2014 In : Applied Ergonomics. 45, 6, p. 1547 -1557 For roll oscillation and fully roll-compensated lateral oscillation, the roll transmissibility (Troll) of the foam cushion was calculated by dividing the rotational velocity at the seat-body interface with the foam cushion (vroll-foam) by the rotational velocity on the rigid seat surface (vroll-rigid):
Eq. 5:
Results
Effect of seating on rate of growth of discomfort
Median rates of growth of discomfort for the three directions of oscillation (lateral, roll, and fully roll- On the rigid seat, there was no significant effect of the direction of oscillation on the rates of growth of discomfort at any frequency (p > 0.05; Friedman) except for 0.63 Hz (p = 0.019; Friedman) and 1.0 Hz (p = 0.032; Friedman). However, further analysis with the Bonferroni correction revealed no specific significant differences in the rates of growth of discomfort at these frequencies (p > 0.167; Wilcoxon).
On the foam cushion, there was no significant effect of the direction of oscillation on the rates of growth of discomfort at any frequency (p > 0.05; Friedman).
Effect of seating on discomfort
The median equivalent comfort contours representing discomfort equivalent to that produced by 0.5-Hz lateral oscillation at 0.2 ms -2 r.m.s. on a rigid seat without backrest (i.e., a subjective magnitude of 100) are shown in Figure 5 . The corresponding median (and inter-quartile range, IQR) values are also shown in Table 1 . Equivalent comfort contours are expressed in terms of the lateral acceleration in the plane of the seat, both with lateral oscillation (i.e., acceleration due to lateral displacement) and with roll oscillation (i.e., acceleration due to roll displacement through the gravitational vector). For roll-compensated lateral oscillation, the resultant acceleration in the plane of the seat was zero, but the lateral component of the motion was used to enable the contours for all three directions to be . With all three directions of oscillation, there was greater sensitivity to acceleration with the foam cushion than with the rigid seat (at the frequencies specified above).
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Effect of frequency and direction of oscillation on discomfort
The level of the equivalent comfort contours corresponding to a subjective magnitude of 100 varied with the frequency of oscillation for all three directions of oscillation on the rigid seat (p < 0.001; On the rigid seat, at 0.5 Hz and higher frequencies, the equivalent comfort contours were at greater magnitudes with lateral oscillation than with roll oscillation (i.e., a greater magnitude of oscillation was needed to produce the same discomfort) (p < 0.001; Wilcoxon). At 0.5 Hz and lower frequencies the equivalent comfort contours were at lower magnitudes with lateral oscillation than with fully rollcompensated lateral oscillation (p < 0.001; Wilcoxon). However, at frequencies greater than 0.5 Hz, the equivalent comfort contours were at greater with lateral oscillation than with fully roll-compensated lateral oscillation (p < 0.002; Wilcoxon). At all frequencies, the equivalent comfort contours were at lower magnitudes with roll oscillation than with fully roll-compensated lateral oscillation (p < 0.016; Wilcoxon).
On the foam cushion, at 0.8 and 1.0 Hz. the equivalent comfort contours were at greater magnitudes with lateral oscillation than with roll oscillation (p < 0.001; Wilcoxon). At 0.5 Hz and lower frequencies, the equivalent comfort contours were at lower magnitudes with lateral oscillation than with fully rollPublished as: Discomfort of seated persons exposed to low frequency lateral and roll oscillation: effect of seat cushion Beard, G. F. & Griffin, M. J. Nov 2014 In : Applied Ergonomics. 45, 6, p. 1547-1557. compensated lateral oscillation (p < 0.002; Wilcoxon). However, at frequencies greater than 0.63 Hz, the equivalent comfort contours were at greater magnitudes with lateral oscillation than with fully rollcompensated lateral oscillation (p < 0.009; Wilcoxon). At 0.63 Hz and lower frequencies, the equivalent comfort contours were at lower magnitudes with roll oscillation than with fully rollcompensated lateral oscillation (p < 0.005; Wilcoxon).
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Effect of motion magnitude on the frequency-dependence of equivalent comfort contours
Equivalent comfort contours were calculated for subjective magnitudes from 50 to 200 for the rigid seat and the foam cushion ( Figure 7) . Consistent with the dependence of the rate of growth of discomfort on the frequency of oscillation (as shown in Figure 4 ), the magnitude of oscillation had a large influence on the frequency-dependence of the contours for all directions of oscillation with both the rigid seat and the foam cushion.
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The location of discomfort
The location of discomfort during lateral oscillation and during roll oscillation was dependent on the seating condition, with the greatest differences between the rigid seat and the foam cushion at the ischial tuberosities ( 
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Lateral transmissibility and roll transmissibility of foam cushion
For all three directions, the lateral transmissibility was dependent on the frequency of oscillation The roll oscillations experienced at the seat-body interface during lateral oscillation and during roll oscillation are compared for three magnitudes in Figure 12 . It may be seen that roll oscillation on the foam at the seat-body interface was approximately double during roll oscillation than during lateral oscillation.
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Discussion
Implications of variations in the rate of growth of discomfort
The rate of growth of discomfort (i.e., the exponent in Stevens' power law) describes the relation between changes in the magnitude of the oscillation and changes in the magnitude of discomfort (Stevens, 1975) . In a previous study using a rigid seat with backrest, the median rates of growth of discomfort varied over the range 0.54 to 1.23 with lateral oscillation, 0.48 to 1.38 with roll oscillation, 45, 6, p. 1547-1557. and 0.39 to 1.07 with fully roll-compensated oscillation at frequencies between 0.25 and 1.0 Hz, with greater rates of growth at lower frequencies (Beard and Griffin, 2012b) . With the same motions, similar rates of growth of discomfort were found in the current study with a rigid seat and a foam cushion, both without backrest. During lateral oscillation and roll oscillation of a rigid seat without backrest, and with both a backrest and a four-point harness, the rate of growth of discomfort was independent of seating condition, but also decreased with increasing frequency of oscillation (Wyllie and Griffin, 2007) . The current and previous findings suggest the rate of growth is independent of seating characteristics, but highly dependent on the frequency of oscillation. The large decrease in the rate of growth of discomfort with increasing frequency means the shapes of low frequency equivalent comfort contours change with the magnitude of oscillation (Figure 7 ). This has implications for the characteristics of a suitable frequency weighting, because a frequency weighting appropriate for low magnitudes will be inappropriate for high magnitudes (Wyllie and Griffin, 2007) .
For a rigid seat with backrest, there were greater rates of growth of discomfort with lateral oscillation than with roll oscillation at frequencies between 0.63 and 1.0 Hz, and greater rates of growth with roll oscillation than fully roll-compensated lateral oscillation at 0.25 Hz (Beard and Griffin, 2012b). The present study without a backrest found no statistically significant effects of the direction of oscillation on rates of growth of discomfort for either the rigid seat or the foam cushion, but similar trends can be seen in the median data ( Figure 3 ). Differing rates of growth of discomfort for lateral oscillation and roll oscillation imply that the relative importance of these axes (as shown in Figure 6 ) will vary with the magnitude of the motion. Nevertheless, it seems reasonable to expect that at frequencies between 0.5 and 1.0 Hz, lateral acceleration in the plane of the seat due to roll oscillation will produce greater discomfort than the same acceleration arising from lateral oscillation with: (i) a rigid seat without backrest (Wyllie and Griffin, 2007 ; current study), (ii) a foam cushion without backrest (current study), (iii) a rigid seat with backrest (Beard and Griffin, 2012b), and (iv) a rigid seat with backrest and fourpoint harness (Wyllie and Griffin, 2007) . At frequencies greater than about 0.5 Hz, sensitivity to roll oscillation tends to be much greater than sensitivity to lateral oscillation having the same acceleration in the plane of the seat (Beard and Griffin, 2012b).
Equivalent comfort contours
Compared to a flat rigid seat pan, a foam cushion might be expected to reduce the discomfort caused by low frequency oscillation by distributing the pressure at the principal seat-body interface (i.e., the ischial tuberosities) so that variations in pressure during oscillation do not reach values as great as with a rigid seat. Alternatively, a foam cushion might be expected to increase discomfort by amplifying the motion at the ischial tuberosities and reducing postural stability. During lateral oscillation at frequencies less than 0.63 Hz, during roll oscillation at frequencies less than 0.4 Hz, and during fully roll-compensated lateral oscillation at frequencies less than 0.63 Hz, sensitivity to lateral acceleration in the plane of the seat was greater when sitting on the foam cushion than when sitting on the rigid seat, consistent with the latter explanation (i.e., the cushion reduced postural stability). Nevertheless, with lateral oscillation at frequencies less than 0.63 Hz, no statistically significant differences in discomfort were found between a rigid seat and a cushioned train seat without backrest (Beard and
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Griffin, 2012a). Although softer cushions reduce the peak pressure at the ischial tuberosities and can improve static comfort (e.g., Ebe and Griffin, 2000), some soft seats will reduce dynamic comfort. The identification of the properties of seat cushions required to optimise pressure distributions without detrimental effects on postural stability, and the complementary role of backrests in providing stability, merits further research so as to assist the optimisation of seats for transport.
For both the rigid seat and the foam cushion, and with all three directions of oscillation, the acceleration magnitude required to produce equivalent discomfort (i.e., a subjective magnitude of 100) was highly dependent on the frequency of oscillation, except for lateral oscillation on the foam cushion which was independent of frequency ( Figures 4 and 5) . For the rigid seat, the equivalent comfort contours from 0.4 to 1.0 Hz declined at approximately 3 dB, 6 dB, and 8 dB per octave for lateral oscillation, roll oscillation, and fully roll-compensated lateral oscillation, respectively. For the foam cushion, the equivalent comfort contours from 0.5 to 1.0 Hz declined at 6 dB and 7 dB per octave for roll oscillation and fully roll-compensated lateral oscillation, respectively. Previous studies have reported marginally steeper contours when sitting with a backrest (Beard and Griffin, 2012b) and when sitting with both a backrest and a four-point harness (Wyllie and Griffin, 2007) , consistent with:
(i) a full height backrest increasing sensitivity to lateral and roll oscillation at frequencies between 0.5 and 1.0 Hz relative to 'no backrest', and (ii) a four-point harness increasing sensitivity to lateral and roll oscillation at frequencies between 0.5 and 1.0 Hz relative to sitting with a full height backrest without a harness.
The location of discomfort
During static sitting there can be many reasons for discomfort, including inappropriate distributions of pressure at the seat interfaces (e.g., Gyi and Porter, 1999) , sheer forces at the seat interfaces (Hobson, 1992) , and extremes of posture or the need for muscle activity to maintain posture (Hobson, 1992; Vos et al., 2006) . These sources of discomfort may also be present during oscillation but are supplemented by the discomfort caused by motion-induced movements of the body, including discomfort associated with voluntary and involuntary muscle activity used to control the movement of the body (e.g. Donati et al., 1984; Robertson and Griffin, 1989; Blüthner et al., 2002; Farah et al., 2006) . The locations of the discomfort reported by subjects can help to identify the causes of motioninduced discomfort (Whitham and Griffin, 1978) .
In the present study, during lateral oscillation and during roll oscillation, there was a greater incidence of discomfort at the ischial tuberosities on the rigid seat than on the foam cushion (statistically significant at 0.4 and 1.0 Hz). Greater discomfort at the ischial tuberosities has also been found on a rigid seat without backrest than on a cushioned train seat during 1-Hz lateral oscillation (Beard and Griffin, 2012a) . Pressure at the ischial tuberosities may be reduced by leaning back on a backrest (e.g., Vos et al, 2006; Kyung and Nussbaum, 2008) . During lateral and roll oscillation, each ischial tuberosity is subjected to alternating downward forces. This is consistent with the lower incidence of discomfort at the ischial tuberosities during fully roll-compensated lateral oscillation, where forces are balanced at the seat surface (Beard and Griffin, 2012b; current study). Relative to sitting on the rigid
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During lateral oscillation there was a greater incidence of discomfort in the legs (i.e., upper thighs, lower thighs and lower legs -see Figure 2 ) on the foam cushion than on the rigid seat (statistically significant at 0.315 Hz). This is consistent with the lateral and roll transmissibility of the cushion being greater than unity (Figure 10 ), requiring subjects to exert greater muscular effort to maintain postural stability on the foam cushion than on the rigid seat. The exertion of the leg muscles (e.g., the quadriceps and hamstrings in the thighs, and/or the gastrocnemius and soleus muscles in the calves) when seated on the foam cushion may account for the increased incidence of discomfort in this region. This is also consistent with the reduced incidence of discomfort in the legs during fully rollcompensated lateral oscillation.
When seated on a rigid seat with backrest (Beard and Griffin, 2012b) or a rigid seat with backrest and harness (Wyllie and Griffin, 2007) , greater incidence of discomfort has been reported at the head, neck and shoulders than at other locations of the body during 1-Hz roll oscillation. In the current study, there was greater discomfort at the head, neck, or shoulders during roll oscillation than during lateral oscillation when seated on the foam cushion (significant at 0.8 Hz), but not when seated on the rigid seat. The transmission of lateral acceleration to the upper body increases with increasing height of a backrest (Brett and Griffin, 1991) , but on a compliant seat without backrest, the displacement of the head relative to the seat surface will depend on the capability of the seated occupant to maintain a stable upright posture. Poor stability on the foam cushion may have led to an amplification of the motion (indicated by a lateral and roll transmissibility greater than unity during 0.8-Hz roll oscillation - Figure 10 and 11), and a subsequent increase in discomfort in the upper body.
Implications for vibration standards
British Standard 6841 (1987) and International Standard 2631-1 (1997) suggest asymptotic frequency weighting Wd for lateral acceleration and frequency weighting We (with a multiplying factor of 0.63) for roll acceleration. Although both weightings are intended for predicting discomfort caused by vibration at frequencies in the range 0.5 to 80 Hz, realisable weightings are achieved with a high-pass filter (at 0.4 Hz) and a low-pass filter (at 100 Hz) and might therefore be applied to evaluate motions containing energy outside this frequency range.
The standards suggest discomfort can be predicted from frequency-weighted measurements of translational and rotational acceleration at the seat-body interfaces (i.e., at the floor beneath the feet, between the seat-pan and the ischial tuberosities, and between the back and a backrest). Weighting each component appropriately and calculating the root-sums-of-squares (i.e., r.s.s.) over all components is assumed to allow for the effects of different frequencies, different directions, and different input locations on vibration discomfort. Vibration is measured at the seat-body interfaces, so differences in the transmission of vibration though different seats will be reflected in the predicted vibration discomfort with different seats.
Published as: Discomfort of seated persons exposed to low frequency lateral and roll oscillation: effect of seat cushion Beard, G. F. & Griffin, M. J. Nov 2014 In : Applied Ergonomics. 45, 6, p. 1547-1557. With lateral and roll oscillation of a seat without backrest, five components may contribute to discomfort: (i) lateral acceleration in the plane of the seat (ms ), and (v) lateral acceleration at the feet due to roll (i.e., g.sinθ, ms -2
). The frequency-weighted acceleration caused by low frequency oscillation at the feet has been shown to be relatively small (Wyllie and Griffin, 2007; Beard and Griffin, 2012b) so the current analysis focuses on lateral and roll acceleration at the seat surface. If the standardised methods are correct, the rootsums-of-squares of the lateral and roll acceleration measured at the seat-body interface should yield similar conclusions to the equivalent comfort contours in Figure 5 . The root-sums-of-squares of the frequency-weighted lateral and roll accelerations measured at the seat-buttock interface on the rigid seat and the foam cushion during exposure to lateral oscillation, roll oscillation, and fully rollcompensated lateral oscillation at 0.2 ms -2 r.m.s. are shown in Figure 13 . The frequency weightings used were the asymptotic forms of frequency weightings Wd and We extrapolated horizontally to frequencies less than 0.5 Hz (i.e., the gains were the same for 0.5 Hz and all lower frequencies). The standardised methods predict greater vibration discomfort on the foam cushion than on the rigid seat with lateral oscillation at all frequencies, with roll oscillation at frequencies less than 0.8 Hz, and with fully roll-compensated lateral oscillation at frequencies between 0.25 and 0.8 Hz. This is broadly consistent with the equivalent comfort contours shown in Figure 5 . However, the frequencydependence of the r.s.s. predictions ( Figure 13 ) is not consistent with the frequency-dependence of the equivalent comfort contours (Figure 5 ), and the predicted magnitude of the differences in discomfort between the seats shown in Figure 13 is greater than implied by the equivalent comfort contours in Figure 5 . This suggests the extrapolated asymptotic frequency weightings with the multiplying factors defined in the standards may not be wholly appropriate for predicting the discomfort caused by lateral oscillation and roll oscillation at all frequencies in the range 0.2 to 1.0 Hz.
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When extrapolated to frequencies less than 0.5 Hz, the asymptotic forms of the frequency weightings Wd and We (BS 6841, 1987 ) are unity at all frequencies between 0.25 and 1.0 Hz. Therefore, in Figure   13 , the total vibration values predict no effect of the frequency of oscillation on the discomfort caused by lateral oscillation at 0.2 ms -2 r.m.s. on a rigid seat, because the acceleration is constant across all frequencies. A more accurate reflection of the effects of the frequency of lateral oscillation may be obtained using the realisable form of the Wd weighting (i.e., with high-pass and low-pass filters at 0.4 and 100 Hz, respectively; BS 6841, 1987) , as demonstrated in Figure 14 . However, it is clear that neither the extrapolated asymptotic weighting nor the band-pass filtered realisable weighting We offers an accurate prediction of the discomfort caused by roll acceleration at frequencies less than about 1
Hz (see Figure 15 ). Predictions of discomfort may be improved by adjusting the frequency weighting for roll acceleration at frequencies between 0.25 and 1.0 Hz.
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Conclusion
A cushion can increase the transmission of low frequency lateral and roll oscillation to the body and result in greater vibration discomfort than experienced when sitting on a rigid seat without the cushion.
In this study with oscillations in the frequency range 0.2 to 1.0 Hz, there was greater discomfort in the legs and the lower back when sitting on a foam cushion, suggesting greater muscular exertion was required to maintain postural stability. When sitting on a rigid seat, discomfort was mainly located at the ischial tuberosities.
On both a rigid seat and on a cushioned seat, the frequency-weighted acceleration at the seat-body interface can give useful predictions of the discomfort caused by lateral oscillation, roll oscillation, and fully roll-compensated lateral oscillation in the frequency range 0.25 to 1.0 Hz. However, the predictions could be improved at low frequencies by adjusting the standardised frequency weighting for roll, which becomes increasingly inappropriate for predicting discomfort as the frequency of oscillation reduces below about 1 Hz. Predictions of the discomfort caused by fully roll-compensated lateral acceleration are highly dependent on the discomfort caused by the roll oscillation, so current standards do not provide the best possible predictions of the effects of these motions on passenger comfort. Published as: Discomfort of seated persons exposed to low frequency lateral and roll oscillation: effect of seat cushion Beard, G. F. & Griffin, M. J. Nov 2014 In : Applied Ergonomics. 45, 6, p. 1547 -1557 . Published as: Discomfort of seated persons exposed to low frequency lateral and roll oscillation: effect of seat cushion Beard, G. F. & Griffin, M. J. Nov 2014 In : Applied Ergonomics. 45, 6, p. 1547 -1557 Head ( Published as: Discomfort of seated persons exposed to low frequency lateral and roll oscillation: effect of seat cushion Beard, G. F. & Griffin, M. J. Nov 2014 In : Applied Ergonomics. 45, 6, p. 1547 -1557 . Published as: Discomfort of seated persons exposed to low frequency lateral and roll oscillation: effect of seat cushion Beard, G. F. & Griffin, M. J. Nov 2014 In : Applied Ergonomics. 45, 6, p. 1547 -1557 Median values from 20 subjects.
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Figure 14
Comparison of equivalent comfort contours for lateral oscillation on rigid and cushioned seats without a backrest and the reciprocals of the asymptotic and the realisable versions of frequency weighting Wd for lateral acceleration (BS 6841, 1987) . Contours for rigid seats normalised to unity at 1
Hz.
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